Epitaxial strontium titanate films grown by atomic layer deposition on SrTiO3-buffered Si (001) The authors demonstrate the growth of polycrystalline GaAs thin films on polycrystalline chemical vapor deposition ͑CVD͒ diamond by low-temperature molecular beam epitaxy. The low-temperature GaAs ͑LT-GaAs͒ layer is easily polished compared to the CVD diamond, and this process results in a reduction of rms surface roughness from Ͼ50 to Ͻ5 nm. This makes the LT-GaAs on diamond layer an ideal wafer-bonding interface for high-power semiconductor devices. The samples were grown at 0.2 m / h with a substrate temperature of 250°C and a 1:8 III/V beam equivalent pressure ratio. The samples were analyzed by x-ray powder diffraction, atomic force microscopy for surface roughness, and in situ reflective high-energy electron diffraction during molecular beam epitaxy growth. The authors also measure the thermal conductivity of the GaAs layer on CVD diamond using pump-probe time domain thermoreflectance.
Growth and thermal conductivity analysis of polycrystalline GaAs on chemical vapor deposition diamond for use in thermal management of high-power semiconductor lasers I. INTRODUCTION
High-power semiconductor lasers, both electrically and optically pumped, are significantly limited in performance by the ability to extract heat from the active region. In the case of optically pumped lasers such as vertical external cavity surface emitting lasers ͑VECSELs͒, a semiconductor chip is pumped with as much as 150 W continuous wave ͑CW͒ over a 500 m diameter pump spot.
1 This optical pumping results in power densities in excess of 19 kW/ cm 2 and translates to an active region temperature of over 375 K.
1 Any further increase in active region temperature can result in significantly reduced gain, which induces thermal rollover of the laser. In the absence of any thermal management, heat in the active region allows the laser to operate at only a few watts before thermal rollover.
1-3 Thermal management strategies started with the use of copper heat sinks and thermoelectric coolers and the advent of high-power lasers has evolved to include heat spreaders. Heat spreaders such as diamond sit between the heat source and the heat sink and have the ability to spread a localized thermal accumulation over a large area very quickly. 2, 3 Thus, heat spreaders allow the underlying sink to remove the heat more efficiently from the active region.
Single-crystal diamond is one of the most effective heat spreaders due to a thermal conductivity of ϳ2000 W m −1 K −1 , 4, 5 which is the highest of any known naturally occurring material. In the context of high-power VECSELs, single crystal diamond has been used as both external heat spreaders and as intracavity heat spreaders. 2 The primary mechanism for bonding the semiconductor laser to diamond is by soldering or capillary bonding. In case of a solder bond, the interfacial quality is not too critical. However, for a capillary bond to form, the two surfaces have to be flat on an atomic scale. This interface quality is very high in case of a single crystal diamond and can be bonded effectively to semiconductor surfaces. The major drawback with the use of single crystal diamond is the low availability and high cost of the material. Recently, chemical vapor deposition ͑CVD͒ diamond has emerged as a relatively cheap alternative, with similar thermal conductivity values ͑Ͼ1800 W m −1 K −1 ͒ to single crystal diamond. 4 However, despite polishing, CVD diamond is too rough to be capillary bonded or wafer bonded to the semiconductor laser and hence its integration with the semiconductor is limited to soldering. The use of solder, in this case, indium, significantly limits the rate at which the heat can be extracted from the active region into the diamond. 4, 5 Thus, the indium solder layers, which are 10-50 m in thickness, act as thermal bottlenecks. Furthermore, the indium tends to form voids at the soldering interface and can lead to very high local thermal resistance thus damaging the chip during operation. 5 Despite these limitations, semiconductor/CVD-diamond soldering has resulted in some of the highest-power VECSELs to date with an output power of ϳ50 W CW at 1040 nm. 6 Theoretical studies have indicated that much higher output power levels can be achieved from these lasers. The clamp- ing of the output power at ϳ50 W is primarily due to thermal bottlenecks at the semiconductor/diamond and the diamond/copper interfaces.
1,2,4
A different approach to the integration of CVD diamond with semiconductors can be achieved by the growth of a thin polycrystalline film of the semiconductor on the CVDdiamond substrate. The semiconductor is subsequently polished to a surface roughness of approximately ϳ1-5 nm which makes it suitable as a wafer-bonding interface. The process of wafer-bonding III-V single crystals to polycrystalline or amorphous thin films is well described elsewhere. 7 This approach completely eliminates the need for any indium solder between the semiconductor and the CVD diamond. The absence of indium allows the active region to be brought extremely close ͑1-5 m͒ to the diamond heat spreader. The semiconductor grown on the diamond is able to bond more effectively to the rough diamond surface and completely eliminates the issue of voids at the interface.
In this paper, we discuss the growth, characterization, and thermal properties of polycrystalline GaAs thin films grown on CVD diamond with an ultimate objective of using such films as wafer-bonding interfaces. The semiconductor buffer layers are grown using low-temperature molecular beam epitaxy ͑LT-MBE͒ on Element 6 ® TM180 ® thermal management grade CVD-diamond wafers which have thermal conductivities of Ͼ1800 W m −1 K −1 . The GaAs on diamond layers are then polished to achieve as smooth a surface as possible for wafer bonding. The films are characterized using atomic force microscopy ͑AFM͒ and powder x-ray diffraction ͑XRD͒. Finally, we measure the thermal conductance of the grown thin films using pump-probe time domain thermoreflectance ͑TDTR͒ and we compare its performance to indium based solders.
II. EXPERIMENT
The structures were grown using a VG V80H elemental source molecular beam epitaxy reactor. The residual surface contaminants on the diamond substrates were thermally removed by heating the sample at 400°C for ϳ30 min in a preparation chamber in the MBE reactor. The substrate was then transferred into the growth chamber where LT-GaAs was grown using well-established growth parameters 8 of 250°C substrate temperature, 0.2 m / h GaAs single crystal growth rate, and a III/V beam equivalent pressure ratio of 1:8. The substrate temperature was controlled by a substrate heater thermocouple since our pyrometry setup is only capable of measuring above 440°C. A set of samples was grown with the GaAs film thickness varying from 100 nm to 5 m.
III. RESULTS AND DISCUSSION
Figures 1͑a͒ and 1͑b͒ show reflection high-energy electron diffraction ͑RHEED͒ patterns of CVD diamond and polycrystalline GaAs during growth. The electron gun for this experiment is set at 12.4 kV and filament current is set to 1.4 A. The RHEED pattern for CVD diamond consists of irregular spots indicating a highly polycrystalline substrate. The RHEED pattern from the GaAs films on diamond proceeds in a very similar manner to polycrystalline GaAs that has been observed on other substrates. 8, 9 The growth progresses with the spots evolving into streaks indicating a smoother GaAs surface. The GaAs film, however, remains polycrystalline. Furthermore, the streaked RHEED pattern from the GaAs does not appear on all areas of the sample. There is a total absence of such patterns in some areas when the electron beam spot is moved around on the sample. This indicates that the growth is a mixture of amorphous and polycrystalline GaAs. In the thicker samples there are larger areas over which a RHEED pattern can be seen indicating improved polycrystalline material. Figure 2͑a͒ shows the topography, measured by AFM, of a CVD-diamond substrate. The CVD-diamond substrate's rms surface roughness varies typically between 50 and 100 nm. As mentioned in the introductory paragraphs, this is the CVD-diamond surface to which researchers have bonded a variety of devices to spread heat.
1-3 The growth of LT-GaAs layers on CVD diamond leads to a significant reduction in surface roughness. Figure 2͑b͒ shows an AFM surface scan of LT-GaAs on diamond, which has a rms surface roughness of 10-15 nm. Finally, this surface can be further smoothened by polishing, which reduces the surface roughness to 3-5 nm ͑rms͒ as shown in Fig. 2͑c͒ . The samples were polished with a soft polishing pad and colloidal silica polishing suspension. The average particle size for colloidal silica polishing suspensions ranges between 0.04 and 0.07 m. The LT-GaAs films adhere very well to the diamond and we do not observe any chipping or flaking of the GaAs film. Further reductions in the GaAs surface roughness can be achieved using chemical mechanical polishing.
The polycrystalline nature of the GaAs film was confirmed by powder x-ray diffraction. Figure 3 shows an omega-2 theta scan of a 5-m-thick GaAs layer grown on CVD diamond. The diffraction pattern was recorded using nonmonochromatic Cu K␣ radiation on a Panalytical powder diffractometer and the Cu K␣2 contribution was subtracted for clarity. 10 Besides the diamond ͑111͒ reflection, the GaAs ͑111͒, ͑220͒, and ͑311͒ reflections are clearly developed. We   FIG. 1 . ͑Color online͒ Reflective high-energy electron diffraction pattern of ͑a͒ CVD-diamond substrate and ͑b͒ GaAs on CVD diamond. The RHEED pattern shows a highly polycrystalline CVD-diamond substrate and the GaAs layer also shows a similar polycrystalline signature with more streaks indicating reduced roughness.
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do not find any evidence for other phases. While pole figures have not been recorded, the relative peak intensities of the GaAs reflections lead us to speculate that there is very little preferred orientation. We cannot exclude the presence of significant amounts of amorphous GaAs in our films on the basis of this scan. It is extremely difficult to conduct crosssection transmission electron microscopy on these samples in order to further characterize the polycrystalline GaAs grain size since the cleaving and ion milling of the samples on diamond is a nontrivial issue.
Finally, we measured the thermal conductivity of the polycrystalline GaAs films with a pump-probe TDTR setup located at the Sandia National Laboratories. Details of the experimental setup and thermal analysis are discussed in detail elsewhere. 11, 12 We coat the polycrystalline GaAs films with a 100 nm Al transducer layer. We modulate the pumpheating event at 11 MHz to make the effects of radial transport negligible ensuring that we accurately resolve the cross plane thermal conductivity of the thin polycrystalline GaAs film. For the thermal analysis, we measure the electrical resistivity of the Al transducer with a four point probe and determine the thermal conductivity to be 200 W m −1 K −1 . We assume published values for the thermal conductivity and heat capacity of bulk diamond substrate and the heat capacity of the GaAs film ͑1.74 MJ m −3 K −1 ͒. 13 From the best fit of the thermal model to the data, as shown in Fig. 4 , the thermal conductivities of the 1-m-, 500-nm-, and 100-nm-thick polycrystalline GaAs films are 14. the thermal conductivity from single crystal bulk GaAs 12 This reduction is expected due to the polycrystalline nature of the GaAs films which will increase phonon scattering events. 14, 15 In addition, the decrease in value with decrease in film thickness is expected due to increased size effects, creating additional phonon scattering events, as the film becomes thinner. Also extracted from the measurements are the thermal boundary conductances at the Al/polycrystalline GaAs ͑on all samples͒ and polycrystalline GaAs/diamond interfaces ͑on the 100 nm polycrystalline GaAs sample͒, which are determined as 30 and 40 MW m −2 K −1 , respectively. The Al/polycrystalline GaAs thermal boundary conductance is low compared to typical values for metal/single crystal dielectric interfaces, 16 but the polycrystalline nature of the GaAs film could induce disorder around the interface causing a decrease in the thermal boundary conductance. [17] [18] [19] [20] From the thermal measurements, the polycrystalline GaAs films show promise as an improved thermal interface material ͑TIM͒ for diamond heat sinks over traditionally used indium solders. Typical indium solder thermal interface materials have thicknesses on the order of several microns. Assuming a bulk value for the thermal conductivity of In ͑81.8 W m −1 K −1 ͒, the thermal resistance of a 10 m TIM of In is 1.22ϫ 10 −7 m 2 K W −1 . Although the thermal conductivities of the polycrystalline GaAs films are less than that of bulk indium, the required film thickness is much lower than the typical thickness of In used as TIMs. For the 100 nm polycrystalline GaAs films measured in this study, the thermal resistance is 1.2ϫ 10 −8 m 2 K W −1 , a thermal resistance that is a factor of 10 lower than a traditional In TIM.
IV. SUMMARY AND CONCLUSIONS
In conclusion, polycrystalline GaAs layers have been grown on CVD-diamond using LT-MBE. The polycrystalline nature of the films is verified using RHEED and x-ray diffraction experiments. The LT-GaAs layer is polished resulting in a final surface roughness that is Ͻ5 nm rms. The samples are grown at 0.2 m / h with a substrate temperature of 250°C and a 1:8 III/V beam flux ratio. The GaAs films are further characterized for thermal conductivity using TDTR techniques and results in thermal conductivity values of 14.5, 10.4, and 8.1 W m −1 K −1 , respectively, for the 1 m, 500 nm, and 100 nm polycrystalline GaAs films. 
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